Background: Overexpressed UCP2 and ERBB2 are oncogenic, but their functions at low expression are unclear. Results: ERBB2 regulates UCP2 levels at low and overexpression settings. The rapid regulation of mitochondria by ERBB2 requires UCP2, but not its transporter activity. Conclusion: At low levels, UCP2 integrates mitochondria into the acute (2h) signaling response. Significance: This study links growth factor signaling, mitochondrial adaptability, and oncogenic deregulation.
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SUMMARY
Overexpression of the ERBB2 receptor tyrosine kinase and the mitochondrial inner membrane protein UCP2 occurs frequently in aggressive cancers with dysfunctional mitochondria. Overexpressed ERBB2 signals constitutively and elevated UCP2 can uncouple mitochondria and alleviate oxidative stress. However, the physiological contributions of UCP2 and ERBB2 at the low expression levels that are typical of most tissues, as well as the path to oncogenic deregulation, are poorly understood. We now show that ERBB2 directly controls UCP2 levels, both at low physiological levels and oncogenic overexpression. At low levels of receptor and UCP2, ligand stimulation creates a distinct temporal response pattern driven by the opposing forces of translational suppression of the exceptionally short lived UCP2 protein and a time delayed transcriptional upregulation.
The latter becomes dominant through constitutive signaling by overexpressed ERBB2, resulting in high levels of UCP2 that contribute mitochondrial uncoupling. By contrast, ligand stimulation of non-overexpressed ERBB2 transiently removes UCP2 and paradoxically reduces the mitochondrial membrane potential, oxygen consumption, and OXPHOS on a signaling time scale. However, neither the transporter activity or downregulation of already low UCP2 levels drive this reduction in mitochondrial activity.
Instead, UCP2 is required to establish mitochondria that are capable of responding to ligand. UCP2 knockdown impairs proliferation at high glucose but its absence specifically impairs ligand-induced growth when glucose levels fluctuate.
These findings demonstrate the ability of growth factor signaling to control oxidative phosphorylation on a signaling time scale and point towards a non-transporter role for low levels of UCP2 in establishing dynamic response capability.
The cell's decision to commit to a proliferative state is closely linked to the availability of energy sources as well as external stimuli, such as growth factors. By contrast, relative homeostasis is a defining feature of mitochondrial activity on an intermediate time scale. The assumption of relative homeostasis and stable numbers of mitochondria per cell forms the foundation of widely used formazan dye based proliferation assays. Provided experimental conditions do not introduce uncoupling or other pharmacological perturbances of mitochondrial function, the conversion of these dyes is a reflection of total mitochondrial activity which in turn is taken to be proportional to the number of cells. This raises the question whether mitochondrial oxidative phosphorylation (OXPHOS) has adaptive capability on the more rapid time scale of external nutrient fluctuations or proliferative signaling cascades. In addition, progressive metabolic and mitochondrial deregulations are hallmarks of cancer cells. The driving forces behind these transitions and how they relate to the "normal" regulation of mitochondrial function are still poorly understood.
Uncoupling proteins (UCPs) can regulate mitochondrial OXPHOS efficiency by multiple mechanisms. For UCP1, found first in the inner mitochondrial membrane of brown adipocytes, this is known to involve direct proton leakage from the mitochondrial matrix and an uncoupling of the proton gradient from ATP synthesis to generate heat (1) (2) (3) (4) (5) . The function of other UCP family members, especially at their physiological expression levels that are very low in all but few tissues, has remained much more controversial. Among the three closely related homologues in humans, UCP2 also stands out through generally very low and variable protein expression across tissues despite relatively uniform mRNA levels and an exceptionally short half-life of [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] minutes. This compares to more than 10 hours for UCP1 or 3-4 hours for the closely related UCP3 (6) (7) (8) (9) . In most tissues UCP2 protein levels can pose a challenge for detection. Since the most convincing demonstrations of an uncoupling contribution by UCP2 are based either on conditions of experimental or pathological overexpression, or select tissue with naturally elevated levels (see below), this has resulted in two questions. Beyond the scope of our current study, it is being debated whether the physiological uncoupling by elevated levels of UCP2 is indeed the result of direct proton leakage, as shown for UCP1, or alternatively the secondary consequence of transporting charged metabolites. Second, the exceptionally short half-life and very low protein levels fall short of expectations based on mRNA levels. This is difficult to reconcile with a primary role as an uncoupler in a manner that resembles UCP1. This has raised the question whether UCP2 at these low protein levels could serve an additional purpose.
High levels of UCP2 have been correlated with ROS protection, increased longevity (10) (11) (12) (13) (14) and altered viability of cardio myocytes in the face of ROS stress, depending on the molecular source of ROS (15, 16) . Apart from cancer, high expression levels of UCP2 protein are unusual with the exception of pancreatic islet cells and macrophages. Here a reduction in UCP2 increases ROS levels that result in reduced glucose tolerance (17) and constitutively activated macrophages respectively (18, 19) . Insight into the broader function of UCP2 comes from genetic analysis and links it to obesity and type II diabetes (20) as well as cardiovascular risk in men (21) . In cancer, substantially elevated UCP2 levels have been observed in various tumors, including those overexpressing ERBB2 (Erythroblastic leukemia viral oncogene homolog 2 or Human EGF Receptor 2 (HER2)). This UCP2 overexpression has been linked to increased resistance to oxidative stress (22) . Notably, in MCF7 cells, a non-ERBB2 overexpressing breast cancer line, recombinant overexpression of UCP2 alone can induce aggressive growth with high metastatic potential in a manner that cannot be reproduced by other, uncoupling capable, UCP family members (23) .
However, this correlation between aggressive cancer cell growth and high levels of UCP2 contrasts studies in fibroblasts from UCP2 (-/-) mice. Here, loss of the otherwise low levels of UCP2 results in accelerated growth (24) . This implies a more complex contribution of UCP2 in the regulation of cell proliferation than is apparent from studies of UCP2 at high expression levels.
Alternative models for UCP2 function have identified its contribution to the mitochondrial transport of calcium (25, 26) and the export of pyruvate and unprotonated short chain fatty acids from mitochondria (24) (27) . This transport of charged species can equate indirectly to a netuncoupling (28) . Both, glutamine and glucose upregulate UCP2.
Especially glutamine acts rapidly at the level of translation due to a glutamine response element in the UCP2 mRNA (29, 30) .
In conjunction with its metabolite transport capability, this regulation has been proposed to constitute a "glucose sparing switch" (31, 32) . This would make any net contribution of UCP2 to cellular metabolism and mitochondrial membrane potential dependent on metabolic conditions and sufficient transport capacity and demand.
Beyond the observation of feed-back regulation by metabolites and the notable exception of LPS responses in macrophages, little is known about the integration of UCP2 regulation into larger regulatory schemes. The same applies to the forces that drive its overexpression in some cancers. The receptor tyrosine kinase ERBB2 is a wellestablished player in breast cancer and other solid tumor malignancies.
Constitutive ERBB2 signaling confers a broad range of systemic changes that generally result in a more aggressive cancer phenotype. In addition, overexpressed ERBB2 (primarily the cleaved cytoplasmic segment) has been found mislocalized to the nucleus. More recently, mtHSP90 dependent localization of full-length ERBB2 to mitochondria has been reported in cells that overexpress the receptor (33) .
However, the functional consequences of mitochondrial localized ERBB2 are still poorly understood.
Compared to the overall body of work that emphasizes ERBB2 overexpression, we still know little about the role of ERBB2 at low physiological levels. Conditional knockouts of ERBB2 or ERBB4 in mice result in dilated cardiomyopathy (34, 35) , and cardiac side effects of ERBB2 targeted cancer therapy in humans are linked to mitochondrial failure (36, 37) . Cardiac stress upregulates ERBB receptors that are critical but barely detectable in cardio myocytes (38, 39) . In mice, the clinical ERBB2 inhibitor lapatinib increases mortality of both pups and mothers because it blocks the pregnancy induced and protective remodeling of the left ventricle (40) .
Beyond cardiac functions, ERBB2 suppresses an autophagy dependent cell death in the duct lumen during breast development in a manner that is linked to shifts in metabolite preferences (41) . Combined these studies suggest a critical role of low levels of ERBB2 in the control of mitochondrial function, stress response and metabolic reprogramming. However, it is not clear how this regulation is achieved and which aspects of it are immediate consequences of ERBB2 signaling versus long-term adjustments to broader transcriptional changes. In the current study we provide evidence that ligand-regulated and non-overexpressed ERBB2 directly and rapidly controls mitochondrial activity in a manner that requires UCP2. UCP2 is also needed to facilitate ERBB2 mediated and ligand-induced proliferation under conditions of elevated, but especially at fluctuating glucose levels. While out of balance in cancer cells, the basic components regulating UCP2 protein levels are preserved at low and over-expression levels of ERBB2 and point towards UCP2 as a critical and very dynamic link between growth factor receptor signaling and the regulation of mitochondrial OXPHOS. 4 The constitutively active ∆MEK1 construct was provided by Dr. Natalie Ahn (University of Colorado) (45 Single cell mitochondrial membrane potential measurements and ROS detection: MCF7 cells were harvested using Versene (PBS+0.2% EDTA), seeded in 6-well plates, and treated with the indicated inhibitors or ligand for 15 minutes after seeding followed by TMRM(for mitochondrial membrane potential) (20 nM) and DHE (for ROS detection) (5 µM) for 30 minutes at 37°C. Following two washes with PBS, images were acquired on a Zeiss Axiovert 200M. Fluorescence was analyzed for 200-300 individual cells for each dataset using Openlab software.
Real time PCR: cDNA was synthesized from 500 ng DNase-treated total RNA using Oligo(dT) primers (Invitrogen) and MMLV high performance reverse transcriptase (Epicentre Biotech.). QPCR reactions were carried out with 10-20 ng of cDNA, and 200 nM of gene-specific primers (UCP2 fwd: CTGTGAAGTTTCTTGGGGCT, UCP2 rev: TCAGAATGGTGCCCATCACA; 18s rRNA fwd: GTAACCCGTTGAACCCCATT, 18s rRNA rev: CCATCCAATCGGTAGTAGCG) in a 10 μl reaction containing SsoFast EvaGreen SuperMix (Bio-rad). PCR amplification reactions were performed in triplicates on a CFX96 thermocycler (Bio-rad) and quantified using the iCycler iQ software.
Melting curves were included for every run to ensure that only one correct product was amplified. The relative quantities of UCP2 mRNA were determined for each sample based on the threshold cycle (C T ) value normalized to the corresponding values for 18s rRNA and data were plotted as normalized fold expression.
Error bars on the graphs represent the standard error of the mean of each sample in triplicates.
Alamar Blue proliferation assay: Cells were seeded in RPMI 1640 with the indicated concentration of D-glucose and transfected with si-Scrambled RNA or si-UCP2 RNA. Cells were allowed to grow for 48 h (MCF7) or 72 h (BT474) in presence or absence of NRG 1 (30 nM) at the indicated final glucose concentration.
For conditions of changing glucose, media was exchanged from reservoirs containing different glucose concentrations but matching transfection reagents.
Removed, conditioned media was retained and returned at later time points as needed to minimize non-Glucose effects in media exchanges. Alamar blue assays were performed according to the manufacturer's protocol. Select data were compared by Trypan blue exclusion assay and manual cell count.
Statistical Analysis: Unless otherwise stated, all quantitative data represent the average of triplicate datasets with indicated Standard Deviations (Standard Error of Mean, SEM for mRNA data). Significance was calculated using an unpaired Student's T-Test for a null hypothesis of identical means compared to control. P values below thresholds are indicated with * (* for P < 0.05, ** for P< 0.01 and *** for P < 0.005). P values above a threshold of 0.9, indicating a high probability of matching data sets, are marked with □.
Immunoblotting: Cells were lyzed in SDS sample buffer and subjected to Western blot analysis using antibodies against UCP2 (sc-6525 (C-20) and sc-6526 (N-19) obtained from (Santa Cruz biotech) and evaluated in Figure S1 . Other antibodies used were MAPK (9102), pMAPK (Thr42/Tyr44, 9101), GAPDH (5174), and pAKT (pS473, 9271) (Cell signaling tech.), pY1139-ERBB2 (1991-1, Epitomics, Inc.), ERBB2 (MU134-UC, Biogenex), β-tubulin (ab52623) and, VDAC1 (Porin) (ab154856) (Abcam Inc.) and phospho tyrosine (PY) (05-321, EMD Millipore corporation). For immunoprecipitation, phospho tyrosine-antibody conjugated beads (16-101) were obtained from EMD Millipore. Following Western blotting, images were acquired and quantified using the Odyssey® Fc dual-mode imaging system from LI-COR biosciences in chemiluminescence mode.
RESULTS

Neuregulin activated signaling induces a rapid downregulation of UCP2:
For UCP2, but especially for ERBB2, non-pathogenic conditions are exemplified by low expression levels. We therefore minimized the use of recombinant overexpression in our analysis to better understand the basic mode of regulation before evaluating how it is derailed by the amplification of ERBB2 and surrounding chromosomal segments. With approximately 10,000 ERBB2 and ERBB3 receptors but effectively undetectable EGFR (ERBB1) and ERBB4, MCF7 cells are a wellestablished model system for ligand-responsive signaling through ERBB2/ERBB3 hetero complexes after binding of neuregulin (NRG 1) to ERBB3. MCF7 cells are considered "ERBB2 negative" by breast cancer standards. MCF7 cells frequently serve as a "normal" starting point for the study of mitochondrial activity in oncogenic progression and as a comparative model system for the enhanced oncogenic potential conferred by stably overexpressed ERBB2 (46) . We observed that in MCF7 cells that were stimulated with NRG 1 the rapid increase and subsequent attenuation of ERBB2 phosphorylation correlates with a loss of UCP2 protein (Fig. 1A) . The ERBB2 specific therapeutic antibody Pertuzumab blocks the hetero dimerization interface of ERBB2 and ligand-dependent activation.
Pertuzumab completely blocked the ligand-dependent downregulation of UCP2 (Fig. 1C) confirming that the relevant signaling indeed proceeds through ERBB2. The primary targets of NRG 1-activated ERBB2/ERBB3 hetero complexes are the PI3K/AKT and MAPK (ERK1/2) pathways. This will trigger cell growth, enhanced survival, migration, or suppression of apoptosis. The inhibition of MAPK (ERK1/2) with UO126 abrogates UCP2 downregulation ( Fig. 2A) . Prior to ligand addition, non-serum starved MCF7 cells exhibit very low but detectable levels of MAPK(ERK1/2) activation (emphasized in Fig.  3 ). Inhibition of basal signaling by MAPK increases steady state levels of UCP2. Comparable data were obtained with the MAPK inhibitor PD98059 which has a different ERK isoform specificity (data not shown). Attempts to complement the pharmacological inhibition of MAPK (ERK1/2) by other means, such as the expression of dominant negative mutants, resulted in very pronounced loss in cell viability over the time course needed to establish uniform protein expression.
We therefore investigated the contribution of MAPK through the inverse approach. We introduced a constitutively active variant of MEK1 ( MEK1). This in turn results in constitutively phosphorylated and activated MAPK (ERK1/2) (45). Constitutive activation of MAPK (ERK1/2) was well tolerated and reduced UCP2 levels in a ERK1/2 activation level dependent manner (Fig. 2B) . By contrast, the inhibition of AKT during ligand stimulation does not interfere with the downregulation of UCP2 (Fig. 2C) . The plant derived glycoside genipin inhibits UCP2 mediated proton leakage in islet cells and UCP2 overexpressing cancer cells (47) (48) (49) . It is expected to crosslink and block the central pore formed by UCP2. In doing so, it also blocks the impact of recombinantly expressed UCP2 on myocardial excitation-contraction coupling (26) . However, genipin neither altered the steady state levels nor did it block the downregulation of UCP2 after ligand addition (Fig. 2D) . This suggests that the removal of UCP2 is not linked to its transport function. The removal of UCP2 does however require an intact membrane potential.
Exposure to the pharmacological uncoupler Carbonyl cyanide mchlorophenyl hydrazone (CCCP) blocked ligandinduced downregulation of UCP2 (Fig. 2E) .
The MAPK dependency in the short term regulation of UCP2 protein levels closely tracks the characteristic time profile of ERBB2 and MAPK signaling (Fig. 3) . By approximately four hours, the peak of ERBB2 signaling has subsided and UCP2 has returned to slightly above starting levels (Fig.3A) . However, in contrast to MAPK inhibition, the comparable rapid increase in UCP2 levels is followed by a steady decline to approximately 20% below controls at 9 hours. These data suggest that both ERBB2 and MAPK take part in the regulation of steady state levels of UCP2 protein, with comparable contributions to the short term reduction but additional signals from ERBB2 that are needed to sustain UCP2 levels long-term. Consistent with the rebound that becomes apparent after 9 hours of NRG treatment, sustained ligand stimulation for 48 hours results in an increase in proliferation (42) as well as an increase in UCP2 protein levels (Fig. 3B) . Without ligand stimulation, constitutive phosphorylation of ERBB2 in MCF7 cells is barely detectable (Fig. 3D) . Nevertheless, the ERBB specific and irreversible kinase inhibitor Canertinib (CI1033, CNT) reduces steady state levels of UCP2 (Fig. 3C) , thereby indicating a contribution of basal ERBB2 signaling to UCP2 maintenance.
The rapid downregulation of UCP2 involves translational repression:
In order to investigate whether ERBB2/ERBB3 stimulation by NRG 1 accelerates UCP2 degradation, we inhibited protein synthesis with cycloheximide (CHX) (Fig.  4) . Under those conditions, no difference in the rate of protein turnover was observed after ligand stimulation. The rate of turnover and overall depletion of UCP2 protein in the presence of cycloheximide mirrors that seen in the first two hour of ligand stimulation. This points towards a halt in protein synthesis as the likely reason for the ligand induced rapid decline of UCP2 levels. By contrast, mRNA levels are only reduced by 30% (Fig. 4B) at the two hour time point when UCP2 protein is largely depleted by ligand stimulation (Fig. 1+2) . However, the partial reduction in mRNA is overcompensated at a later point and this rebound does coincide with the rebound in overall protein levels, suggesting translational inhibition subsides at the same time that transcriptional activation begins to set in. The midpoint of ligand induced downregulation occurs approximately 45 minutes post ligand addition. A quantitative comparison of protein levels at this point shows that despite the elevated staring levels of UCP2 after pretreatment with UO126, turnover still occurs at a similar and even slightly accelerated rate, (Fig. 3C) . This may explain why MAPK inhibition does not cause perpetual accumulation. Instead it may rapidly establish a higher steady level of UCP2 protein that is ultimately sustained by a matching, accelerated turnover.
Sustained ERBB2 signaling increases UCP2 protein through transcriptional regulation: Even in MCF7 cells, sustained ligand stimulation results in an increase in steady state protein levels of UCP2 (Fig. 3B) . This raises the question of how ERBB2 gene amplification and constitutive signaling in an oncogenic setting impacts UCP2 levels. Stably ERBB2 overexpressing MCF7 cells are a long established model system for the oncogenic impact of receptor amplification. We therefore evaluated UCP2 regulation in a stable MCF7-ERBB2 line that expresses approximately 2-3*10 5 receptors, resulting in high levels of constitutively phosphorylated ERBB2. MCF7-ERBB2 cells display a very pronounced increase in UCP2 protein (Fig. 5A ) and mRNA levels (Control, Fig. 5C ) compared to untreated MCF7 parental cells. ERBB2 overexpression renders MCF7-ERBB2 cells more sensitive to the inhibition of ERBB2 and MAPK, which is evident in overall cell viability at longer time points (>12h). As was observed for parental cells, the Canertinib induced decline in mRNA mirrors a decrease in UCP2 protein which is very pronounced for MCF7-ERBB2. Inhibition with UO126 does results in a larger relative decrease in mRNA than was the case in MCF7, however, this decrease is smaller than that obtained with Canertinib. Moreover, the decrease in mRNA is in contrast to a relative increase in protein levels, that mirrors the response in MCF7.
The acute downregulation of UCP2 correlates with a rapid change in mitochondrial physiology:
Since UCP2 localizes to the inner mitochondrial membrane, we first evaluated the mitochondrial oxygen consumption by polarography as a function of ERBB2 signaling or inhibition (Fig.  6A) . Maximal downregulation of UCP2 by NRG 1 occurs at two hours and correlates with a 30% reduction in oxygen consumption. While the physiological consequences of decreased cellular respiratory capacity depend upon every tissue, a 20-40% decrease in oxygen consumption is often seen in tissues from patients suffering from diseases related to mitochondrial defects as well as in elder individuals (50) . Adjustment to changing environmental conditions, such as low oxygen tension or hypoxia can also involve adaptive reductions in mitochondrial metabolism in the 20-40% range, accompanied by decreased ROS leakage (51, 52) (Fig. 5B ) in an ERBB2 dependent manner. Despite the different means by which UCP2 protein downregulation is achieved in MCF7 and MCF7-ERBB2 cells, both scenarios result in a decrease in oxygen consumption (Fig. 6A) . By contrast, the 1.8 fold elevation of UCP2 protein after MAPK inhibition is not associated with a consistent change in OXPHOS. For MCF7, oxygen consumption declines despite increased levels of total UCP2 protein. At the longest time point at which MCF7-ERBB2 cells can be exposed to continuous MAPK inhibition without a major impact on viability, elevated levels of UCP2 instead correlate with an increase in oxygen consumption. This and subsequent observations suggest that the changes in UCP2 levels, and possibly changes in its functional state, may translate into different net consequences to mitochondrial regulation at low physiological protein levels and scenarios of overexpression that can be found in pathological settings such as cancer cells [see compilation of data from various assays for ERBB2 gene amplified BT474 (Fig.  8)] .
A putative uncoupling contribution of UCP2 should be reflected in the mitochondrial membrane potential. In order to also gain insight into the causal involvement of UCP2 in the regulation of mitochondrial OXPHOS by ERBB2, we combined measurements of the mitochondrial membrane potential with an increase in UCP2 levels after short term MAPK inhibition (Fig. 6B) or the siRNA knockdown of endogenous UCP2 (Fig.  6D) .
At the point of maximum UCP2 downregulation in ligand-stimulated MCF7 parental cells, the decrease in oxygen consumption coincides with a decrease in the membrane potential. Between datasets derived from different cell preparations (and fluorophore preparations) decreases in fluorescence intensities varied between 20% (e.g. Fig. 6B) and 40% (e.g. Fig.  6D ) with CCCP induced uncoupling being subtracted as a fluorescence baseline. However, within a given triplicate set of experiments, each containing large numbers of individual live cell measurements, fluorescence data were highly reproducible and differences were clearly statistically significant at p values of 0.01, and 0.005 respectively. This acute ligand response of the mitochondria in the presence of decreasing levels of UCP2 suggests that at low expression levels, UCP2 does not contribute an uncoupling activity that is of sufficient capacity to dictate the overall coupling state of the mitochondria. In order to determine whether the decline in UCP2 protein levels was needed to achieve the ligandinduced decrease in mitochondrial activity, we pretreated cells with UO126 (Fig. 6B) . Inhibition of MAPK (ERK1/2) establishes elevated levels UCP2 protein that are resistant to ligand stimulation, but are nevertheless actively turning over (see Fig. 4 ). Despite stable and elevated levels of UCP2, the ligand-induced decrease in mitochondrial membrane potential was unaltered. This indicates that the drop in membrane potential is not caused by the changes in UCP2 levels and is hence not in conflict with its ability to act qualitatively as an uncoupler at high expression levels. However, this raises the question of the causal involvement of UCP2 in the observed regulatory scheme. To address this, we compared the ligand response in the context of an siRNA knock down of UCP2 (Fig. 6D) . In contrast to the robust ligand-induced decrease of the membrane potential after ligand treatment of 40%, the knockdown of UCP2 effectively abrogates the ERBB2 mediated regulation of mitochondrial activity during the acute phase of signaling. In isolation, the comparison of the (non-normalized) mitochondrial potential after scramble siRNA and siUCP2 treatment does not show an elevated membrane potential but instead a slight decrease of insufficient statistical significance (data not shown). The reduced membrane potential after ligand treatment is expected to lower ROS levels. Although MCF7 cells show low basal ROS levels, those levels are further reduced by ligand stimulation (2h) and increased on a comparable scale by Antimycin as a positive control (Fig. 6C) . In contrast to the mitochondrial membrane potential, the siRNA knockdown of UCP2 does in fact increase ROS at levels that are statistically significant, albeit less than the Antimycin control. Hence, based on ROS levels, the removal of UCP2 in isolation by siRNA suggest a potential uncoupling contribution. However, its loss does not drive the net ligand response.
Previous studies had demonstrated that UCP2 at high expression levels does contribute a net uncoupling effect. We therefore evaluated the impact of UCP2 removal on oxygen consumption and membrane potential in MCF7-ERBB2 cells (Fig. 6E) . In contrast to parental cells, the downregulation of UCP2 by Canertinib treatment or siRNA knockdown results in an increase in membrane potential alongside a decreased oxygen consumption. This is consistent with a net uncoupling contribution of UCP2 at high expression levels.
The functional studies thus far indicate a regulatory contribution by low levels of UCP2 that are at least dominant over any direct or indirect uncoupling function of UCP2. Net uncoupling contributions emerge at high expression levels. In order to further characterize how changes in UCP2 levels impact the efficiency of mitochondrial oxygen consumption we determined the respiratory control ratio (RCR) by polarography on cell suspensions. The RCR represents the ratio of state III respiration (after pharmacological uncoupling with CCCP) to state IV respiration (inhibition of ATP synthesis with Oligomycin). KCN insensitive oxygen consumption was subtracted as background (data not shown). At the peak of ligand induced downregulation of UCP2 in MCF7 cells, this yielded a highly reproducible decrease in RCR (-23% +/-1). This is consistent with the above observation that any loss of UCP2 contributed uncoupling activity at low expression levels does not dominate the overall response in mitochondrial OXPHOS.
However, in MCF7-ERBB2 and ERBB2 gene amplified BT474 cells the decrease in UCP2 mRNA and protein levels after ERBB2 inhibition correlates with an increase in RCR of 22% and 12% respectively, consistent with the loss of an uncoupling contribution that had been contributed by UCP2 at high expression levels.
Does the ability to regulate mitochondria as part of ERBB2 signaling have phenotypic consequences? To evaluate systemic consequences of the rapid regulation of UCP2 at low endogenous levels, we carried out ligand-induced cell proliferation studies at "normal" glucose concentrations (5 mM or 50% of standard RPMI), glucose -free, or high glucose stress conditions (25 mM). Proliferation was monitored by Alamar blue assays and results were confirmed by independent manual counts of viable cells to exclude artifacts derived from changes in mitochondrial activity at day three of stimulation (data not shown). The knockdown of UCP2 in MCF7 cells (Fig. 7A) induced a small but clearly discernible enhancement of growth in glucose free media, similar to previous reports for UCP2(-/-) fibroblasts (24) . By contrast, proliferation at high glucose was markedly suppressed. The impact of UCP2 knockdown on growth in high glucose conditions was comparable in the presence or absence of ligand. In order to evaluate the adaptability to simulated starvation and surplus cycles we altered glucose levels for two days between 0 mM (4h), 25 mM (4h) and 5 mM glucose (16h). Under those conditions, we also observed a pronounced suppression of growth. However, distinct from conditions of constitutively high glucose, growth suppression was limited to conditions of ligand stimulation (Fig. 7B) .
The isogenic nature of engineered MCF7-ERBB2 cells facilitates mechanistic dissection of the UCP2 regulation but does not reflect the full spectrum of changes that occurs in ERBB2 amplified cancers where ERBB2 is gene amplified including surrounding chromosomal segments. BT474 cells which are derived from ERBB2 amplified breast cancer, display well over one million ERBB2 receptors per cell (10x times more than the stable MCF7-ERBB2 cells used in our assays) The BT474 model system (compiled results in Fig. 8 ) effectively reproduce all aspects of ERBB2 UCP2 regulation observed for MCF7-ERBB2, including an effectively identical (1.8 fold) relative increase in UCP2 protein levels after inhibition with UO126. Notably, the reduction in UCP2 levels after inhibition of ERBB2 by Canertinib is much more pronounced on both the mRNA and protein levels, reducing protein levels effectively to those of MCF7 parental cells.
DISCUSSION
At the onset of our study, existing data on the properties of ERBB2 overexpressing cancer cells, as well as the impact of artificially stimulated or inhibited ERBB2 signaling in non-overexpressing tissues, had already pointed towards an involvement of ERBB2 signaling in mitochondrial function. However, especially with the broad changes in gene expression that accompany constitutive ERBB2 signaling upon gene amplification and the frequent progression of mitochondria in these cancer cells to a "dysfunctional state", a direct functional linkage was not readily evident.
Likewise, UCP2 overexpression had been observed in many of the same ERBB2 overexpressing cancers, and its own potency in cellular transformation demonstrated, but its integration with ERBB2 signaling was not known. Our data indicate that ERBB2 amplified cancer cells retain the basic components of a very dynamic and rapid mode of regulation that has distinctly different dynamics at very low levels of ERBB2 and UCP2. This regulation is based on the juxtaposition of transcriptional and translational control. At low levels of ERBB2 and UCP2 this regulation is linked to characteristic temporal aspects of growth factor signaling. While the basic elements remain in place, the dynamic aspect of this regulation is lost upon overexpression. As a consequence, constitutive signaling by overexpressed ERBB2 results in a dominance of transcriptional regulation and highly elevated UCP2 levels. This in turn emphasizes functional contributions by UCP2 that result in net uncoupling.
For ligand controlled signaling at low levels of ERBB2 and UCP2, MAPK-dependent translational regulation coincides with the acute phase of growth factor signaling. Thus far, it was not clear that mitochondrial OXPHOS was indeed subject to direct growth factor regulation on such a short signaling time scale and that ERBB2 or UCP2 were part of such a regulatory scheme. A distinct contribution by UCP2 at low expression levels is also consistent with the previously reported paradox that overexpressed UCP2 strongly supports the aggressive growth of cancer cells, while the loss of normally low levels of UCP2 in the fibroblasts of UCP2 (-/-) knockout mice also contributes a growth enhancing effect. We therefore placed a strong emphasis on studying the regulation of mitochondrial function and UCP2 at low endogenous expression levels of both UCP2 and ERBB2.
While fundamental to the study of UCP2 regulation, the analysis of UCP2 and ERBB2 at low levels and in the absence of recombinant overexpression is challenging , and the impact of constitutive ERBB2 signaling on the long-term synthesis of UCP2 is more easily accessible. Both, sustained ligand activation of ERBB2/ERBB3 as well as constitutive ERBB2 signaling in MCF7-ERBB2 and BT474 cells, increase steady state levels of UCP2 mRNA and protein. For ERBB2 gene amplified BT474 cells, this increase is especially pronounced and subject to strong inhibition by ERBB2 directed inhibitors. Given the demonstrated relevance of both ERBB2 and UCP2 in supporting an aggressive cancer phenotype, this regulatory link is of potential therapeutic importance. Mechanistically, we note that at conditions of UCP2 overexpression we can readily discern an uncoupling contribution. This is consistent with existing models for UCP2 function and is also reflected in an increase in RCR of 23%. Our study does not address the source of UCP2 dependent net-uncoupling.
It may be the consequence of direct UCP2 mediated proton leakage or the indirect consequence of transporting large quantities of charged metabolites, such as the export of pyruvate from mitochondria in support of anaerobic glycolysis.
In a parental MCF7 model system for the ligand response at low receptor (and UCP2) levels, we observe very rapid and all but complete downregulation of UCP2 protein after ligand stimulation. Ligand responsiveness requires coreceptors, primarily ERBB3. However, sensitivity to ERBB kinase inhibitors and especially the ERBB2-selective therapeutic antibody Pertuzumab demonstrates the specific requirement for ERBB2. Following the acute phase of signaling, steady state receptor phosphorylation is low compared to conditions of ERBB2 overexpression. Nevertheless, constitutive ligand stimulation over multiple days does result in a detectable but modest increase in UCP2 protein levels. Much of the "normal", growth factor specific outcome of stimulation is dependent on the characteristic time course of MAPK mediated signaling during the initial, acute phase of signaling, a phenomenon that has long been known but is still poorly understood.
The MAPK dependent downregulation of UCP2 results in a rapid depletion at the inherently fast rate of UCP2 turnover. It is noteworthy that in this instability, UCP2 differs sharply from the much longer halvelives of other UCP family members. Their longer half-lifes effectively preclude them from taking part in a similar mode of regulation during the relatively narrow time window of acute signaling, that is from initial receptor stimulation to the onset of transcriptional regulation. This also explains the observation that UCP2 mRNA is consistently found across tissues at readily detectable and constant levels while the resulting protein levels vary greatly and often pose a challenge for detection. For MCF7 cells, basal signaling by both ERBB2 and MAPK contribute to the maintenance of low steady state UCP2 levels. While the inhibition of ERBB2 signaling in BT474 cells effectively reduces UCP2 levels to that of MCF7 parental cells, this inhibition is less pronounced in MCF7-ERBB2 cells or for the basal levels of UCP2 in parental cells. This would suggest that ERBB2 mediated regulation is capable of carrying out a rapid regulation of UCP2 levels that impacts mitochondrial function, but its contribution may be at least partially redundant with regard to the establishment of steady state levels.
The physiological contributions of UCP2 remain controversial, and available data largely rely on scenarios of preexisting or recombinant overexpression, or at least systems, such as macrophages and islet cells, with inherently elevated levels. By contrast, UCP2 (and ERBB2) expression at low levels is all but ubiquitous across tissues. Alternative models for UCP2 function emphasize its role as a metabolite sensor and transporter involved in regulating the relative utilization of glucose over other energy sources. Such activities could also contribute uncoupling activity, albeit indirectly based on the charge state of the metabolite involved. However, at the low UCP2 levels in most tissues, any direct or indirect uncoupling contribution may simply be too low to result in a noticeable increase in membrane potential or increased coupling efficiency by RCR. Yet, low UCP2 levels alone would not be sufficient to explain why we observe changes in mitochondrial parameters that are in the opposite direction to those that would be expected if UCP2 were to contribute detectable uncoupling contributions. Indeed our data do not indicate an inverse contribution of UCP2 at low levels. Instead, low endogenous levels of UCP2 are needed to ensure responsiveness to ligand, but the interference with UCP2 downregulation does not abrogate the ligand-induced reduction in the mitochondrial membrane potential. Genipin neither interferes with the regulation of UCP2 protein levels (Fig 2D) nor the decrease in oxygen consumption (data not shown). This would suggest that minimal levels of UCP2 are needed to facilitate a mode of regulation in a manner that is not associated with its transporter functions. This is in contrast to conditions of high UCP2 levels, where its transporter contributions become readily apparent. At present it is not clear what this "nontransport associated" function would be. Since it requires only small amounts of UCP2 and apparently does not require its transport ability, a regulated participation in a small number of critical protein assemblies would be consistent with such a function.
What could be the potential functions of the observed mode of UCP2 regulation? This may involve different answers for the long-term adjustment of cellular metabolism versus the cells ability to adjust to short term fluctuations in glucose supply and external stimuli. The longterm upregulation of UCP2 or in reverse, the sustained downregulation in macrophages have been linked to its uncoupling contributions and ability to enhance or decrease ROS levels respectively. In the case of ROS increases in macrophages, it is noteworthy that this long-term removal after LPS stimulation is MAPK dependent but utilizes sustained MAPK(p38) signaling while explicitly excluding contributions from MAPK (ERK1/2) with its characteristic time profile of activation. Sustained increases in UCP2 in cancer cells are also consistent with a shift away from aerobic glycolysis for energy production. A large scale export of pyruvate, which is another function that has been assigned to UCP2, would constitute a de facto uncoupling contribution as well.
Consistent with such a model, the knockdown of UCP2 suppresses BT474 growth across all external glucose concentrations, reflecting the commitment to glycolytic metabolism (Fig. 8) . By contrast, MCF7 cells with their "intact" mitochondria and less glycolytic predisposition are especially impacted by UCP2 knockdown at elevated glucose levels. Interestingly, they display a reversal of UCP2 dependency around physiological levels of glucose (Fig. 7) . Our observations for the long-term regulation of UCP2 are therefore largely consistent with existing models for UCP2 function but establish for the first time that ERBB2 directly regulates UCP2 expression.
This leaves the question whether the very distinct regulation of UCP2 during the acute phase of growth stimulation serves a specific function. The associated regulation of mitochondrial properties is not merely correlated with UCP2 regulation, but instead is critically dependent on the presence of UCP2 for ligand responsiveness. The cornerstone of this regulation is the juxtaposition of transcriptional activation and translational suppression downstream of the same receptor. Combined with the exceptionally short-half live of UCP2 compared to other UCPs or mitochondrial transporters, this suggests a high emphasis on rapid response capability at the expense of creating a partially futile cycle. Figure 9 places various regulatory events into the temporal context of the acute phase of ligand responsiveness. This time window between immediate consequences of receptor activation and time delayed and broad transcriptional responses also coincides with the characteristic temporal profile of proliferationinducing MAPK (ERK1/2) signaling. ERBB2 rapidly relocalizes previously synthesized GLUT1, GLUT3 and GLUT4 to the cell membrane to stimulate glucose uptake. This response is very rapid and peaks at 1.5 -2 hours (53) . By contrast, the transcriptional upregulation of GLUT1, GLUT3 and the broader transcriptional response (including LDH) is time delayed. This constitutes a cellular "adaptation gap". During this time it may be beneficial to temporarily reduce mitochondrial activity. This would establish a buffering system between the rapid fluctuations of metabolites or growth factor signals and the slow and more permanent restructuring of mitochondria which is only needed if the external stimulus (and metabolite supply) is sustained. This may also explain why the impact of UCP2 knockdown was only specific to ligand-stimulated growth under conditions of fluctuating glucose supply. A role of UCP2 in the ability to adjust to external changes in glucose supply and glycolytic dependency has recently been documented for human pluripotent stem cells (hPSCs). For hPSCs, the reversal of their glycolytic dependency and ability to cope with changes in glucose supply is regulated through UCP2 in a manner that goes beyond a role of UCP2 as a suppressor of ROS stress (54) . Hence the unanticipated observation that ERBB2 can directly regulated mitochondrial function via UCP2 may provide insight into the nature of ERBB2 overexpression mediated oncogenic transformation as well as the role of signaling by low levels of ERBB2 and UCP2. Levels and activation states of ERBB2, MAPK and UCP2 were evaluated by Western blotting. B) UCP2 levels in MCF7 are very low. To validate our detection system, we confirmed antibody specificity by siRNA knockdown of UCP2 in MCF7. C) Ligand-induced downregulation of UCP2 is blocked by the ERBB2 specific antibody, Pertuzumab (PTZ), administered 1h prior to a two hour NRG 1stimulation. The ligand induced downregulation of UCP2 does not involve AKT. The PI3K/AKT inhibitor LY294002 (50 µM) was added to MCF7 cells for 3 hours with NRG 1 addition after 1 hour. D) The UCP2 inhibitor Genipin has no effect on the basal levels of UCP2 or its downregulation. MCF7 cells were treated with NRG 1 (30 nM) for 2 h in presence or absence of Genipin (5 mM, added one hour prior to ligand activation). E) An intact membrane potential is needed to facilitate the ligand dependent downregulation of UCP2. CCCP (5 µM) was used to depolarize mitochondria followed by treatment with NRG 1 (30 nM) for the indicated time points. The downregulation of UCP2 is transient and reflects competing regulatory events: A) UCP2 levels in MCF7 cells were evaluated at the indicated time points after stimulation with NRG 1 (NRG, 30nM) or alternatively, inhibition with UO126 (25 µM) or the irreversible ERBB2 inhibitor Canertinib (1 µM). B) NRG 1 induced prolonged ERBB2/3 signaling causes a moderate increase in UCP2 protein levels in MCF7 cells. MCF7 cells were treated with NRG 1 for 3 days. UCP2 protein levels were analyzed by western blotting followed by densitometric analysis which is represented as a bar graph of triplicates normalized to tubulin levels. C) Inhibition of the basal level of ERBB2 signaling with the irreversible and ERBB specific kinase inhibitors Canertinib (CNT) reduces UCP2 levels, indicating a contribution to low levels of ERBB2 activation to the steady state level of UCP2. D) The basal level of ERBB2 signaling in non-serum starved MCF7 cells is barely detectable but inhibited by Canertinib. "L" and "H" indicate low and high load-levels respectively. As a positive control of inhibitor activity, ligand induced receptor activation was blocked. Immunoprecipitation was performed on MCF7 cell lysates using anti-phosphotyrosine antibody-conjugated beads followed by immunoblotting with anti-ERBB2 antibody. Cycloheximide treatment (CHX, 50 µM) results in the rapid decrease in UCP2 levels at a rate that is independent of ligand stimulation or UO126 pretreatment (added one hour prior to CHX addition). B) Compared to protein levels, ligand stimulation has little effect on UCP2 mRNA. QPCR derived data were normalized to 18s rRNA and shown at 2h (at which protein is almost completely depleted) or 9 hours (protein levels are recovered). C) Densitometric analysis of UCP2 levels at 45 minutes post CHX addition. Data are normalized to tubulin levels and expressed as percent of starting levels prior to CHX addition. UO126 was present throughout the treatment as indicated. For UO126 treated samples marked with *, data are instead shown relative to the starting levels of non-pretreated samples. Error bars shown in (B) and (C) represent standard error of mean (SEM) or standard deviation (SD) respectively. P values Figure 5 . ERBB2 amplification drives UCP2 overexpression in stable ERBB2 overexpressing MCF7 cells. A) Comparison of ERBB2 and UCP2 levels as well as associated constitutive signaling in MCF7 and MCF7-ERBB2 cells (Data for ERBB2 amplified BT474 cells are compiled in Figure 8 ). "L" and "H" represents low and high exposure levels needed to convey the vastly different levels of ERBB2 expression in both cell lines. B) The basic modes of regulation observed in MCF7 are also in place in MCF7-ERBB2 cells. The long-term decrease in UCP2 levels in response to Canertinib (CNT) is more pronounced compared to MCF7. MAPK inhibition shows a relative increase of UCP2 that is comparable to that observed in MCF7 parental cells (Fig. 2) . C) MCF7-ERBB2 have elevated levels of UCP2 mRNA, although not proportional to the elevated level of protein. For MCF7 cells, the inhibition of MAPK has only a modest impact on mRNA levels which is not sustained while Canertinib treatment results in likewise modest but progressive decrease in mRNA levels. Inhibitor sensitivity is much more pronounced for MCF7-ERBB2 with Canertinib treatment achieving a close to 90% reduction in mRNA levels after nine hours of treatment despite the fact that UO126 shows a much more pronounced impact on cell viability at nine hours of treatment. All mRNA levels are normalized to 18s rRNA and error bars represent SEM. P values < 0. 05, 0.01, 0.005 and > 0.9 are marked *, **, *** and □ respectively and refer to comparisons with respective controls unless pairs are identified explicitly. Fig. 2 and 4) . B) The decrease in oxygen consumption upon ligand treatment of MCF7 cells is also reflected in a reduced membrane potential but not dependent on a downregulation of UCP2. Data represent TMRM fluorescence relative to respective controls with or without UO126 pretreatment (1h prior to additional 2h ligand treatment as indicated). For graphic representation of fluorescence data, the residual TMRM signal after CCCP treatment (approx. 50% of untreated samples) was subtracted as background. C) Two hours of ligand stimulation further reduces (already low) ROS levels in MCF7 cells. The indicated relative DHE fluorescence values are the average of approximately 600 adherent live cells per data set, acquired by fluorescence microscopy and automated object identification. The observed decrease in ROS after NRG treatment is comparable in magnitude to the increase after inhibition with Antimycin (AMyc, 10 µM) as a positive control. In contrast to NRG signaling with its associated UCP2 downregulation, the isolated knockdown of UCP2 by siRNA results in increase in ROS levels. D) The siRNA knockdown of UCP2 eliminates acute ligand responsiveness, measured as a decrease in membrane potential. Data are shown relative to their respective non-ligand stimulated controls. The assessment of the mitochondrial membrane potential and UCP2 protein levels was done 48 hours post transfection with siRNA or scramble control. Ligand stimulation (NRG, 10nM) was carried out for two hours. E) In contrast to the parallel decrease of membrane potential and oxygen consumption in ligand stimulated and UCP2 depleted MCF7 parental cells, the downregulation of UCP2 in MCF7-ERBB2 cells by Canertinib treatment or siRNA results in an increase of the membrane potential without increase in oxygen consumption, consistent with the removal of uncoupling capacity. Error bar represent SD, except for 6C (SEM). P values < 0.05, 0.01, 0.005 and > 0.9 are marked *, **, *** and □ respectively. The contribution of UCP2 to ERBB2 mediated proliferation is dependent on glucose availability. A) MCF7 cells, transfected with si-UCP2 RNA or scramble control (siCtrl) were grown for 48 hours at the indicated glucose concentrations in the presence or absence of NRG 1 (NRG, 30 nM). Samples are identified in the graph. Proliferation was evaluated by Alamar blue assay (validated by manual cell count). The relative % of reduced dye is provided as the indicator of proliferation. B) At constitutively high glucose levels, the relative inhibition for si-UCP2 samples compared to scramble control is comparable independent of ligand stimulation. By contrast, at alternating glucose concentrations (5 mM, 0 mM, and 25 mM) the inhibition of growth was limited to conditions of ligand stimulation. All error bars represent SD. P values < 0. 05, 0.01, 0.005 and > 0.9 are *, **, *** and □ respectively.
Figure 8:
Characterization of UCP2 regulation and its consequences in BT474 cells, an ERBB2 gene amplified breast cancer cell line (1-2 Mio receptors/cell) that is a model system for ERBB2 driven increases in metastasis and sensitivity to the therapeutic anti-ERBB2 antibody (Herceptin).
A) Comparison of ERBB2 and UCP2 levels as well as associated constitutive signaling in MCF7 and BT474 cells as well as transiently ERBB2 transfected MCF7 cells (MCF7-T). "L" and "H" represents low and high exposure levels needed to convey the vastly different levels of ERBB2 expression in both cell lines. Note that in contrast to stable MCF7-ERBB2 and BT474 cells UCP2 protein in MCF7-T is elevated but not at the levels seen in stable MCF7-ERBB2 or BT474 lines. This is a reflection of the high steady state levels of phosphorylated MAPK in transient expression settings that is not sustained in stable lines. B) ERBB2 overexpression in BT474 results in more than ten-fold increase in UCP2 mRNA. C) The utilization of the large access of mRNA in BT474 is less efficient than in MCF7 (and MCF7-ERBB2) cells as indicated by a lower protein/mRNA ratio. D) Inhibition of ERBB2 signaling results in a rapid decrease in mRNA levels that is not correlated with MAPK activity (compare with E). All mRNA levels are normalized to 18s rRNA and error bars represent SEM. E) The long-term decrease in UCP2 levels in response to Canertinib is more pronounced due to an over dependency on elevated mRNA levels while MAPK inhibition shows a relative increase in UCP2 protein that is comparable to that observed in MCF7 and MCF7-ERBB2 cells. F) The growth of ERBB2 and UCP2 overexpressing BT474 cells is suppressed after UCP2 knockdown, even at physiological glucose concentrations, reflecting a stronger commitment of BT474 cells to glycolytic metabolism. All error bars represent SD. P values < 0. 05, 0.01, 0.005 are *, **, and *** respectively.
Figure 9:
Left: UCP2 regulation as the balance of opposing transcriptional and translational regulation in non-overexpressing cells. Right: Time course of changes in UCP2 protein levels and associated changes in mitochondrial OXPHOS. Transcriptional (TS) and translational (TL) regulation of UCP2 are shown relative to ERBB2 mediated and time delayed systemic transcriptional responses as well as rapid changes in Glucose uptake, described first for skeletal muscle (53) . Depending on the Glucose supply and subsequent upregulation of GLUT transporter species, glucose supply may be sustained or not. The time window between the rapid relocation of previously synthesized GLUT transporters to the surface and ERBB initiated transcriptional responses constitutes a potential "adaptation gap" during which mitochondrial activity is transiently reduced, thus favoring anaerobic utilization of glucose and minimizing spikes in ROS production.
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